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The Dimensional Stabilitx Analyais of Seventeen Stepped Specinens of
18N1 200 Grade PH13-8Mo, and A286
TSRy a0, and A286

1. Introduction

The use of a simple stepped specimen configuration to generate data on
the dimensional stability of candidate materials for cryogenic wind tunnel
todels was developed Jointly by the author of this report and Langley
Research Center (LaRC) in January 1982. The results of iaitial tests on a
18N1 200 Grade sample carried out in collaboration with the Gas Bearings
Advisory Service of the University of Southampton, England, were reported
briefly at the Cryogenic Models Workshop held at LaRC on May 5th-6th, 1982

(Ref.l). A more detailed description of these results and their analysis 1is

contained in a subsequent high number contractor report submitted in August
1982 (Ref.2).

In view of the apparent urgency to the Cryogénic Models prograii of
obtaining information on the stability of three materials which were already
being used for model fabrication at LaRC, 18Ni 200 Grade, PH13-8Mo, and A286,

Seventeen stépped specimens to be

In an attempt to see whether
the fabrication Seéquence was important, some sauples were heat-treated -

before rough machining, while others were heat treated after rough
machining. Finally, all samples were submitted to cryogenic temperature

cycles to establish their dimensional stability in what would be the working
eivirontient of a model in a cryogenic wind tunne

In this teport, the results obtained from these 17 8pecitiens are
presented in a form that it is hoped the reader will find easy to assimilate
and thus follow the changes in ptofile of he reference surface, from one
validation stage to the next. Additional information obtained at
Southampton, using the same techniques as those utilized in the original

18N1i 200 Grade sample (Ref.l), is also presented 1in order to give a cross-check
between the two sets of measurements.

These results ate then reviewed in otdet to see whether or not it {s
possible to establish any significant trends in the béhaviour of the

different waterials, the location of the satiples, or the relative sequernce
of the fabrication stages.

Finally, recommendations are made on where improvements ndy be
instigated tn order to efidure greater control over the fabrication and

validation stages and thug eable mbre meaningful data to be obtained from
the stepped specimen progtau.

Use of commetcial pfoducts or names of manufacturers in this report
does not constitute official endotrsement of such products or manufacturers,

either expressed or implied, by the National Aeronautics and Space
Administration.
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2. Fabrication and Validation Processes Laid Down for the Saventeen
Sgecimsns

2.1 Fabrication

fabrication and validation processes are given in Appendices 1(a), (b) and

(c) for 18N1 200 Grade, PH13-8Mo, and A286 respectively. The fabrication and
evaluation processes differ for the three matertials in a number of respects,
the most i{mportant of which is the position, 1if any; of heat-treatment and
c¢ryocycle stages. For example, no high temperature heat-treatments are
specified for the A286. 1In the case of the 18N{i 200 Grade, four specimens g
were annealed prior to rough machining while two were not, ard then all six
specimens were aged prior to final machining. A similar attempt was also
madé with the PH13-8Mo samples to vary the heat-treatment and rough

machining sequences. Finally, the cryogenic temperature cycles were carried
out on the fully machined samples for 18 Ni 200 Grade and PH13-8Mo but between
the .060 in step milling and grinding stages in A286. Although these

differences exist, nevertheless some conclusions may still be drawn from the
data.

There wére algo inconsistencies in the machining operations for the
three different materials., In the case of the 18Ni 200 Grade, there 1. a
difference in the length of the .060 in grinding stage, with specimens CLS
and CLC having a 9 mm long step and LS, LC, TS and TC having a 6 mm step.
These differences are summarized in Figure 2 for the five 18Ni 200 Grade, five
PH13-8Mo and one A286 samples in our possession. The finish of the
refetence surfaces on many of the samples also show prominent coarse
grinding patterns. As will become apparent in the next sections, many of
the reference surfaces are NOT FLAT to the standard necessary to emable
changes in the profile of the reference surface to be folloved.accurately.
Finally, in the A286 and PH13-8Mo samples in particular, there are visible

burn marks on the thinnest steps and in some cases the steps are not ground
to a uniform thickness.

fem e . e eee

2.2 Validation

reference surface mdy get sctatched if the stylus is dragged actoss it, aand

pressure.

The layout of the measuring fixture and the location of the support
points are shown in Figure 3, together with the positions of the measuting
stations A-X. Figute 3 {s in fact a typical work sheet in which the
deflections measured at positions A-X are tabulated on the left hand side of
the work sheet. For the 18Ni 200 Grade samples, eight such work sheets would
déscribe the progress of edach specimen from tough machining to ctyocycling.

As can be seen from Figure 3 the specimens ate supported on two 5/8 in
antd ore 3/16 in balls, arranged in a triangle, while specimen location is .
achiéved by the three 1/4 in dowels. As we shall see from the results
presented in the next sections, tlils arrangement does not seem tg allow
congistent and accurate telocation of the samples for tevalidation between

2.
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fabrication stages and 1s thus one of the arcas that will need rethinking
before further work is carried out, '

3. Choice of Format for Presentation of LaRC Results

As noted earlier, the verification procedures adopted by LaRC and
their subcontractors produced 24 data points per specimen which gave the
deflections at 24 pre~determined locations in the reference planes As the
eye is adle to infer more about the shape and profile of a surface if that

data in the form of pseudo-igsometric surfaces. Reference to dny of the data
presentation figures will show that in each case the specimen is indfcated
with its steps facing downwards, and that a rectangular grid pattern is
drawn on the reference surface, The dimensions of the specimen are shown on
its frout edge. Near its back edge, the intersections of the rectangular
8rid points, reading from left to right, represent the positions of the
measurement stations A-H, Along the centre line, again from left to right,
the grid intergections give the locations of stations I~P, while the
intersections nearest the front give stationg P-X,

A system of axes {s shown set up petpendicular to the reference
surface representing positive deflections ranging from .008 in above the
reference plane to negative deflections .002 in below it. At each measuring
station, A~X, the deflecticn measured by the appropriate validation stage is
Plotted as far above or below the plane as required by the scale of axes .

A8 the deflections are plotted, adjacent points are Joined by lings, broken 1

or solid, to give an indication of the profile from the thick "leading edge"
to the thin "trailing edge" of the stepped specimen. Three such profiles
are drawn, using the deflection at stages A~H, 1-P and p-x respectively,
Finally, the three end points corresponding to stations H, P and X are
Joined together to give an impression of the curvature of the thin “trailing
edge" of the specimen,

Thus, for each verification stage, the 24 readings obtained were used
to create an impression of the three~dimensional shape of the reference
surface at this stage of the fabrication Sequence. For the 18N1i 200 Grade,
there were 8 verification stages for each sample, while the PH13-8Mo and
A286 had 7 and 6 stages respectively. For each separate satiple, all stages
are shown together on one sheet so that the reader can follow the progress
through the various stages of fabrication. In most cases two different
stages are shown on the same diagram, differentiated by line type and
symbol, while in Some cases 1 or 3 stages are shown pet diagram for clarity
or conveniefice. In all instances, the stages dte labelled at the side of
each diagranm,

In order to present the data with the greatest clarity, and also to
make the task of handling the large number of data points manageable,
codputer programs were written to plot out the results, 4 total of 2904
data points wefe measuired on the 17 satiples {in this phase of the ptoject.

thick flat, and that when the samples are revalidated it {g this point that
18 used to recreate the horizontal plane. If the reference surface is
curved, as it 1s {n gany of the heasuring stages, this will cause the points ‘

3.
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BCD, JKL and RST to lie below the horizontal and the extreme points GH, OP
and WX will show apparent deflections that are less than they should be,
This point will be reconsidered later in Section 7.3.

Finally, although it has been possible to create representations of
the profile of the reference flat with 24 data points, it is not possible to
use the data to obtain quantitative estimates of the surface stresses
Present. Continuous traces from which radii of curvature can be measured

are necessary if stresses are to be obtained using the method given in
Reference 2.

4. Comments on the Surface Profiles derived from the Data on
Vascomax 200

antiealed prior to fabrication and they provide a suitable starting point
from which to congider interpretation of the results.

In the top left quadrant of Figure 4 the surface as defined by the
points taken during validation stage #4 1s shown by the # symbols and the -
= = line and this represents its condition after rough milling, labelled #4
(slab @111). It can be seen that this surface is very well defined and flat
with no potnt lying more than .0002 in away from the plane. The second
series of points shown in this quadrant are marked with $ symbols and joined
with - . = , 11ines and fepresent the surface as it existed after the 236 in
and .118 in steps had been machined using a flat bottomed end mill, as
récorded during validation stage #6. The surface is depressed below the
horizontal by up to about .001 in at the extreme right hand side with both
front and back profiles being slightly lower than the center. Moving on to
the bottom left quadrant the surface defined by the = symbols and the - ., =
+s line type represents the situation at validation stage #8 after the 925F
aging treatment had been carried out. Comparison with the results from
stage #6 in the top left quadrant shows that there s very little
digensional change during the aging treatment, as is to be expected from
such a steble material as 18Ni 200 Grade. The second surface in the bottom
left quadrant defined by the * symbols and solid line is the reference
surface created by grinding, and as a reference sutface it {8 in fact quite

8ood with only a few points lying up to .0002 in above or below the
horizontal,

The end 24 mt (4944 in) of the specimen was then milled using a tall
ended cutter down “o a thickness of «075 in (1.875 ttm). The tésultant
durface as validated in stage #12 1s shown in the top right hand quadrant by
the * gyitbols and = . - , 1ine type and it can be deen that the surface
curves geritly upwards to give an efid deflection of between .002 and .003 in
above the horizontal, with almost all of the deflection coming from the end
three points on each linear profile: Subsequent grinding of the end 21 mm
(+84 in) down to a thickness of +060 in (1.5 min) produced the surface showh
in the game quadrant by @ symbols and - , - , lines, labellad #14 (>.060
GRIND). This surface is deflected slightly downwards showing that this
grinding operation induced tensile stresses into the machined surface.

Thé final machining operation was to grind the end 12 mm (.472 in)
lotig step down to & thickness of +030 in (475 mm) and the resultant surface
fe shown in the bottonm right haid quadrant by + symbols and seese. lines,
labelled #16 (>.030 GRIND). Compafison with the previous surface shows that
the extremé end of the specimen has been depressed slightly further,
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particularly at the back edge. The specimen was then cryocycled to liquid
nitrogen temperature three times before being revalidated in #18, the
results of which give the surface shown by the § symbols and dotted lines,
labelled (CRYOCYCLE). Comparissn between the two surfaces shown in the
bottofi right hand quadrant appears to show a small amount of wovement caused
by cryocycling, particularly on the back linear profile. Previous results
at Southampton (Ref.2) had suggested that 18Ni 200 Grade did not distort
during cryocycling so these deviations need to be treated with caution. 1In
general, the standards of machining and validation on this sample, CLS, can
be considered satisfactory. The behaviout of the other control épecimen,
CLC, 1s shown in Figure 5. The deflections caused by the .060 in nilling
stage and validated in #12 are somewhat larger than in CLS, and in
consequence the thicker parts of the specimen slope below the horizontal
feon left to right because of the location of the 3rd support point, as
discussed in sections 3 and 7.3. Cotrparison of the pre~ and post-cryocycled
surfaces appears again to show some smdall movement during sryocycling.

The remaining four speécimens LS, LC, TS and TC shown in Figures 6 to 9
all received a two stage annealing treatment recommended by Vasco Pacific at
1850F and 1550F prior to rough machining, and it would appear from
comparison with the unannealed control specinens that this heat treatment
was NOT beneficial as all the annealed specimens show much greatet
deflections than the unannealed controls. However, there may also be other

factors that have to be considered before this initial supposition can be
proven.

In all 4 specimens, the surface produced by rough machining is
tolerably flat but after tilling the .236 in (6 mm) and .118 in (3 tm)
steps, the two surface specimens show noticeably greater positive
deflections, and thus compressive stresses, than do the center specimensg.
There is, however, little subsequent change in profile of the LS and TS
sauples when they are aged at 925F, whereas both of the center specimens
seem to develop positive deflections as a result of the 925F aging
treatment. The significance of these obgservations is, however, brought into
question when the profiles generated from the #10 data are exanined for all
4 specimens, R-ference to the machining schedule for 18Ni 200 Grade in
Appendix 1(a) w. . show that #9 reads as follows:

"#9  Surface grind and/or lap flat surface (bottom) to thickness using a
maximun of .0005 in down-feed pst cut. Surface finish to be 32
wicro-inches. This surface will be used as a tefetrence standard."

It 18 clear from the #10 surfaces shown in Figutes 4.3
to 4.6 that they are definitely NOT of referetice
standard FLATNESS. The worst erample can be found in
the center profile of specimen TC; in which the recorded
deflection 18 .0020 in above the horizontal for
measurement station P, and when this is corrected for
the downwdrd slope of the whole sutfdce, the true
doflection 18, in fact, niearer ;0050 in. Contrast this
with the reference surfaces produced on samples CLS and
CLC in which no point lay more than .0002 in away from
the horizontal and it {s obvious that the 4 annealed
sauples behaved differently. Certainly they did not
have a reference surface thdat was lapped flat.

The out of flatness of the reference surfaces should be borde in mind

when the results of subsequent machining and validation stages are
considered. Despite the effect of the poor reference flat, the significance

5.
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of the very lagge deflections created by the
validated in #12 should not be overlooked as they are generally about 2-3
times those shown by either the unannealed control specimens CLS and CLC or
the Sotor 1 sagple. The set up of the specimens for validation alge seems
to be in error as may be seen from Table 1.

«060 {in milling operation

Table 1: Recorded Deflection for 18N% 200 Grade Specimens at 12 validation

Station Deflection for Specimen (inches)
LS LC TS TC
A «0004 +0006 .0002 - .0015
) § 00018 00006 00006 - .0"15
Q <0016 +0005 «0012 - .0016

All of these deflectt
up specimen. If this
value of subsequent me

ons should read zero for a well get
basic requirement 18 not met, the
asurements is signicantly reduced.

In 411 four specimens the .060 {n grinding operation caused some
decrease in the residual Compressive gtregseg fnduced by the previous
willing steps, but in 0 case were they eliminated even after the second
grinding operation that reduced the thickness of the end step to .030 in.

Examination of the surface profiles shown in the bottom right hand
quadrant for the #16 and #18 validation Stages shows that there {ig a
reasondble consistency between the deflections measured before and after
cryocycling for the

stations at the thick ends of the specimens that define
the basic profile of the surface.

It {is, therefore, possible to have gopme
confidence in the validity of the d at the more active
thin sections. In all four specimens there is in fact a very close
agreement between thege two profiles indicating that there wag very lictle,

£ any, movement during cryocycling.

We have thus the Somewhat paradoxical result that the generally
well-behaved specimeng CL

S and CLC appear to show a gtedter degree of
tiovenent during ¢ryocycling to liquid nitrogefi temperature than 1s found 1n
the poorer afinealed samples.

Glven the ctiticisms made earlier about the
pPoor quality of the reference surfaces and set u
reasonable to conclude that 18w4
cryocycling.

5. Coiments on the Surfadce Profiles derived fro the Data on PH13-8Mo

There were 7 specimens of PH13-8Mg stainless steel investigated in

this phase of the Program and their mdchining and vdlidation schedule was as
showa {n Appendix 1(b). The

re were only seven validation stages specified
or carried out for this material a

nd thus Figures 10 to 16 each show the
séven surface profiles derived from the LaRC data. Two basically different

machinidg and heat=-treatment schedules were followed for these specimens:

for A-LS, A-1C, A-TS und A-TC, it was

1) rough dachine; 1) heat treat, t11) finigh machine, iv) cryocycle

6.
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for A-CLS, A-CLC and A-LSA, it was
1) heat treat, i1) rough machine, {ii) finish machine, tv) cryocycle.

For sample A-LSA an additional cryocycle was in fact specified between
rough machining and finish machining, but in the event it was omitted.

Thus, in effect, A~LSA received the same treatment as sample A-CLS, &0
that comparison between their two sets of results shown in Figures 10 and 11
respectively could give some idea of how consistent are the results from two
supposedly similar specimens. As before, the first two profiles are shown
in the top left quadrant. Set-up of the line AIQ 18 such that the measured
deflection at Q is ~.0013 in and thus below the horizontal while the back
position A 18 .0002 in above it. In contrast the back right point H is

+0012 in above the horizontal while the froat right position X shows a
deflection of -~.0005 in.

Thus the whole specimen is set up on the tilt, and this tilt is
evident in all of the subsequent surface profiles. Although it is not clear
from the sketch of the mounting fixture that was shown in Figure 3, it would
appear that it is not possible to alter the height of the two 5/81in balls
relative to each other in order to align the tap of the specimen to be
accurately horizontal along the line AIQ. An alternative explanation for
the observed misalignment might be that the top and bottom faces of the
specimen were not parallel. Even allowing for a possible tilt in the
specimen alignment, it is still not possible to account for the apparent

shape of the reference surface created from the readings of validation stage
#10.

The surfaces shown in the top right haud quadrant show that milling
the .060 in step created compressive stresses and hence the positive
deflections exhibited by #14, while subsequent grinding cancelled out these
compressive stresses and replaced them with residual tensile stresses and
thus the negative deflections found for the #16 validation stage.
Furthermore, the magnitude of the change from compressive to tensile
stresses is considerably larger than anything seen hitherto in 18N1 200 Grade.

Finally, the picture is completed by the two profile: shown in the
bottom right hand quadrant. The first six measurements taken at the thicker
end of each linear profile are virtually co-incident for the #18 and #20
surfaces representing the pre- and post=cryocycling situations respectively.
Thus the differences shown by the thinner sections can be believed as a
genuine, and unfortunate, indication of the material’s lack of stability on
cryocycling into liquid nittogen.

The picture presented by the similar sample A-CLS is no better. The
#6 and #8 surfaces are tilted and the reference surface in #10 1s not flat,
having a pronounced upward deflection of both thin corners with respect to
the center! The large compressive stresses induced by milling the .060 in
step, #14, are partially low.red by subsequent grinding, #16, but in this
case the tensile stresses induced are not largr cnough to offset them
completely and there is a net residual compressive stress.

Finally, although the measurements taken on the thicker sections
before and after cryocycling do not coincide, it can be seen that the
post=cryocycle surface simply slopes down more sharply than before. Thus,
the shift towdrds positive deflections shown by the thinner sections of the
specimen are dn underestimate of their true magnitude, thus confirming the
instability of PH13-8Mo to cryocycling.

7.
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The third dpecimen heat-treated prior to rough machining was A~CLC and
its results are given in Figure 12. This specimen appears slightly hetter
behaved than the previous two (n that it i{s not quite so tilted, nor is the
reference surface o out-of-flat. The compressive stresses induced by
milling the .060 in step are almost counterbalanccd by the tensile stresses
created during grinding to leave net compressive stresses except at the
extreme tip.

The cryocycle results once again confirm that the material is not
dimensionally stable. Figures 13 to 15 are for the four specimens that were
rough machined prior to heat-treatment and generally their behaviour seems
indistinguishable from those discussed earlier. All have tilting problems
to a greater or lesser extent and the reference surfaces are not flat. The
compressive stresscs induced by milling are more or less compensated by
subsequent grinding-induced tensile stresses. Most significant is the
observation that in every case the deflections of the thinnest sections are
more positive after cryocycling than before, thus fully confirming the
dimensional instability of the material when cryocycled.

Taking an overview of all seven specimens, it would appear that the
variation in order of the heat-treatment had little or no effect; there are
indications that the deflections produced in samples cut from the surface
may be slightly greater than those from the center but the trend is not
conclusive. Neither is {t possible to distinguish longitudinal and
transverse effects.

6. Comments on the Surface Profiles derived from the Data on A286

A total of 4 samples of the precipitation hardened stainless steel,
A286, were in this phase of the project and the surface profiles generated
from the LaRC data are presented in Figures 17 to 20. The fabrication
schedule is detailed in Appendix 1(c), from which it can be seen that for
these specimens the reference surface was ground onto the rectangular slab
to bring it down to size 2.362 x 2.362 x .472 in thick, rather than after
machining the .236 in and .118 in steps as in the 18Ni 200 Grade and PH13-8Mo
specimens. The reference surfaces are shown in the top left hand quadrant,
identified by = symbols and = .. = .. lines. Generally these surfaces are
of a reasonably good quality and they are set up quite well with Just a
slight tendency to tilt up a bit at the back right hand corner and down at
the left.

The very striking effect shown in this quadrant fs undoubtedly the
very large deflections created in all four specimens by the process of
milling the .236 in and .118 in steps, the true deflections being even
larger then those indicated because of the left to right downward slope of
the reference plane itself. As noted in other parts of this report it is
not possible to calculate the magnitude of these compressive stresses
because there are not enough data points to establish the circular arc.

Very rough calculations indicate, however, that these surface stresses could
be of the order of 10 Ksi.

Even larger deflections were created in all specimens by milling the
+060 in step although they do not necessarily infer higher compressive
stresscs because the beam thickness has now been reduced. As noted above,
the A286 specimens were cryocycled at this stage and the surfaces before and
after the cryocycles are shown in the bottom left hand quadrant. The
pre-cryocycle conditon is shown by the @ symbols and ~ « = . lines and
labelled #8A (>.060 mill), while the post-cryocycle condition has + symbols,
dotted lines and 1s labelled #8C (dcryocycle). There is a very good

8.
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Agreement between the two surfaces {n al} cases, thus confirming the known
excellent Cryogenic stability of A286 8tainlens ateel,

The Post=cryocycle surface {g also plotted {n the upper right hand
quadrant to allow easy comparison with the surfaces produced by the .060 in
8rinding stage #10, * gymbola and - * =« line type, and the following .030
in grind of the end section, shown by * symbols and cont{inuous lines, The
comparison between the durfaces created by milling the <060 in atep and
8rinding the .030 in step, offers the most Spectacular indicationg of
work=induced dimenatonal changes, éspecially in the two center specimens LC
and TC, where large postitive deflections due to compressive stresses are

overcome in the thinncgt step by equally large grinding~induced tensile
stresses.

The deflections induced in the two surface apecimens by milling are
somewhat smaller than in the center specimens, neither do the subsequent
grinding 8tages seem to cuuse such large tenstle Stresses. Thege trends are
probably significant but it would need further confirmatory tests if it were
thought to be an important enough aspect of the behaviour of thig material.

7. Additional Information on the Surface Finish and Profile

of Selected Samples

7.1 Surface Finish

on the reference surfaces, the surface finish of three samples, 18N{ 200LC,
A286LS, and PH13-8Mo, together with that of the 14M{ 200 Grade sample,

Soton 1, were recorded using a contacting stylus ¥ 300, a Talysurf made by
Rank Taylor Hobson, The location and orlentation of the traces measured on

also taken acrogs the width of the Specimen, but in this case {t 1s at {tg
thinnest point near the ”trailing edge"., If the surface finish were unifornm
over the reference surface, the measured surface finish for trace C would be
the same as that for A. As, however, the later stages of machining cause

the thin trailing edge to bow, the trace recorded shows the surface finish
superimposed on the bowed profile.

Trace B is taken along the length of the specimen fron thickest to
thinnest sections, but, due to the limited deflection capability of the
Talysurf of about «001 1in at this sensitivity, it {g not possible to
measure to the thinnest end of wst specimens as their deflections exceed
«001 {n, Nevertheless, comparison of the initial, 1tnear portion of trace B
with either traces A or C shows whether there {g any ptronounced anisotropy
in the tachining and surface finish on the reference surface.

Figure 21(b) shows the trace obtained during calibration for & knowm
step height of .0001 in (100 wicreinches). Thig sensitivity setting was
used for all the traces shown 1in Figures 21, 22, 23 and 24,

Figure 21(c) shows the trace along linc A for sample Soton 1. A
similar surface finish 18 also exhibited in traces C and B, Now that our

produced duting step fabrication are typically {n the range .001 tc .010 in,

it 1s clearly unnecessary to specify such high surface finishes for
subsequent specimens.

3.




Traces C ana B {n Figures 21(d) and 21(e) give an indication of the
profile changes produced during fabrication. As, however, they only show
those portiona for which the total deflectton varies by less than .001 in,
they should not be used for considering profile changes.

Reference to Figure 22 shows the three comparable traces obtained when
the Vascomax 200 sample LC was measured at Southampton. Traces A and C in
Figures 22(c) and 22(d) show that no peaks lie further than .00005 in, 50
microinches, away from the mean line, while tn Figure 22(e), trace B shows
an even better surface finlsh in the longitudinal direction with peaks lying
within about 20 microinches from the mean. In relation to the deflections
produced during fabrication, and the inconsistencies apparent {n the
validation procedure, this surface finish is perfectly acceptable.

The traces obtained for the A286 specimen LS shown in Figure 23 show a
poorer surface finish than that produced on the 18Ni 200 Grade samples., In
particular, trace A in Figure 23(c) shows deviations from the mean of
about+80 microinches occurring in a regular wave-like pattern. On the other
hand, trace C 1in Figure 23(4) is smoother, although it is superimposed on a
large transverse bowing of this thin section. Trace B in Figure 23(e) shows
that deviations in the longitudinal direction are about 20-30 microinches
avay from the mean line. There appears, therefore to be a strong anisotropy
in the surface finish on this sample.

Finally, Figure 24 shows the results obtained for the PH13-8Mo sample
A-TS. Compared with any of the previous samples, the surface finish has a
much shorter wavelength with deviations less than +40 microinches from the
mean, except for occasional spikes visible in traces B and C which are about
100-150 microinches above the mean iine. Very similar finishes are shown in
traces A and C for the transverse directions, while the longitudinal trace B

shown in Figure 24(e) shows a longer wavelength component in the surface
finish.

Nevertheless, with the possible exception of trace A shown in Figure
23(c) for A286 which is on the upper limits of what might be considered as
acceptable, the surface fiulsh of all the specimens can be congidered to be
satisfactory for use in the stepped specimen program. As long as no
deviations are in excess of +50 microinches from the mean line, errors due
to surface finish will be less than .0001 in, which is a much lower figure
than the errors introduced by other sources.

7.2 Profile

In order to be able to compare the profiles generated from the data
obtained fn this phase of the stepped specimen project, and that cbtained
from the 18Ni 200 Grade sample, Soton 1, the three samples, 18Ni 200 LC, A286LS
and PH13-8Mo A-TS, were revalidated at Southampton using the contactless
capacitance probe method described_ in Reference 2. As the avea "seen" by
the capacitance probe {s about 9mm » small surface irregularities are
averaged Jut and thus a good surface finish is not essential. 18Ni 200 Grade
sauple Soton 1 was also revalidated and Figure 25 shows the location and
orientation of the 6 traces measured. Trace 3 was positioned s¢ as to
correspond to the line of the measurement statfons A-H in the LaRC
specimens, while trace 2 corresponded to stations I-Q and trace 1 to
stations P-X. Tracus 4, 5 and 6 are perpendicular to traces 1, 2 and 3 and
trace 4 corresponds approximately to the line AIQ and trace 6 to the line
HPX, while trace 5 lies between the lines BJR and CKS.

10.
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The black circles marked on the traces shown in Figures 25 to 32
correspond to the lacaticns of the three points used to lavel the samples
prior to validation. Also marked on each of these figures is the scale of
the deflection, and on the longitudinal traces in Figures 25, 27, 29 and 3}
the location of the steps in the specimen is alase indicated.

The longitudinal traces recorded on 18Ni 200 Grade sample Soton ", are
shown in Figure 25. All thren traces show clearly a sharp change at ‘ne
poaition of the 3 to 1.5 mm step from a linear trace at the thick end of th=z
sample to an almost linear trace at the thinner end. The maximum
deflecticns of the extreme tips are .0030 in, .0032 in and .0023 in for
traces 1, 2 and 3 respectively. Turning now to Figure 26, it can be se::
that there {8 no variation across the width of the specimen along lines 4
and 5, but that trace 6 shows the edges to bow down compared with the centre
by about .0003 in at the left and .0012 in at the right.

The corresponding traces for 18Ni 200 Grade sample LC are shown in Figures
27 and 28 for the longitudinal and transverse traces respectively. In
Figure 27, the profile of the reference surface generated from the LaRu da...
is also shown ingset at the top left of the figure and it can be seen that
agreement is qualitatively very good. The nature of the longitudinal tracwes
on this 18Ni 200 Grade cample differs significantly from that of Sotcr 1 1r V1.
there is no sharp change of slope between linear segments as tr ¢ " .1, u .
rather a gradual upward deflection which starts betw.en the - * », step
and the beginning of the 3 to 1.5 mm change. As notei v fu1, tue
fabrication sequence differed between the Southampton : -4 .LaRC specimens in
that the LaRC samples have a smooth, curved change in th.ckuess from 3 to
1.5 um rather than a sharp step as in the Southampton specimen. It is
possible that the smooth curves shown by traces 1, 2 and 3 in Figure 27 are
in part due to this gradual change of section.

The quantita.ive aspects of these deflections will be considered in
more detail in Section 7.3, but it is worth noting at this stage that the
naximum deflections shown at the thinnest end of Soton 1 are .0030, .0032
and .0023 inches for rurves 1, 2 and 3 respectively, whereas for sample LC
the corresponding valu .: are .0088, .0096 and .0086 inches respectively. It
would appear, therefore, that 18Ni 200 Grade sample LC has a residual
deflection three times larger than that of the Soton 1 saumple.

Figure 28 shows the three transverse traces, 4, 5 and 6, recorded for
sample LC. Traces 4 and 5 confirm the transverse flatness of this sample in
the thicker sections, while trace 6 shows the now familiar transverse
bowing. The magnitude of this center to edge bowing is about 0012 inches,
which correlates reasonably well with the differences between curves 2 and 3
or 2 and 1 in Figure 27. The values shown in Figure 28 are the more
reliable, however, because they are the results of direct measurements
rather than by graphical constcuction.

Figures 29 and 30 fllustrate the traces recorded on the PH13-8Mo
sample A-TS. The longitudinal traces of Figure 29 resemble the previous set
of traces for 18N{ 200LC in that they show a gradually increasing upward
sweep with no abrupt changes which starts betwen the 6 to 3 mm step i¢nd the
beginning of the 3 to 1.5 mm curved thickness change. As befure, the
reference surface generated from the LaRC data is also shown inset ai che
top left hand corner of the figure and it can be seen that agreement {is
qualitatively good. Figure 30 shows the corresponding transverse records
and close inspecifon of traces 4 and 5 suggests that the edges are
approximately .0002 in higher than the center in trace 4 and .0003 in higher
in trace 5. Tue variations shown by trace 6 are larger and of such a form
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that the center and both edges are at about the same level, with a dip of
about 0008 in to the left and vne of .0005 in in depth to the right of
cénter.,

The final set of traces shown in Figures 31 and 32 are for gample LS
of A’86 stainless steel. The longitudinal traces of Figure 31 are
strikingly different from those for 18Ni 200 Grade and PH13-8Mo in that theére
ie a reversal of the slope of the curves, and thus a change from residual
cotipressivé to tensile stresses, in the 0.75 mm thick end step.
Furthermore, the curvature of the trace in the region cotresponding to the
end step of thickness 0.75 mm (.030 in) i{e a very good approximation to dn
arc of a circle as indicated by the circular arc superimposed on trace 2 in
Figure 31. As noted in Reference 2, the ekin stress in such cases is given
by

F = Et a/c2

where B 18 the elastic modulus, t the beam thickness, 2c the chord length
and a the central deflection.

From Figure 31, using the appropriate scaling factors for the
orizontal and vertical dimensious, we find that for a chord length, 2c of
0.4 in, the central deflection, a, is .00l in. The modulus of A286 is
29x10° psi and the beam thicknéss .030 in. Hence, on substitution:

F o= 29x107 x3x102x1x103 pst = 2.16x10% pst = 22 Kat
B TV B T S

Thus the residual tensile skin stress left by the final grinding stage
in the thinnest end step is of the order of 22 Ksi. For comparison, the
compressive stresses induced in the 18Ni 200 Grade sample Soton 1 built up
from 5 to 9 Ksi over the four end milling stages. Although a tmore thorough
program of work would be necessary to confirm and widerstand these stregs
patterns in greater depth, these results are a futther tadication of the
potential value¢ of the stepped specimen program.

Inset in the top left cormer of Figure 31 are the reference surfaces
8enerated from the LaRC data for the #12 data points which were taken after
the final .030 in grinding stage, and cre thus directly compatable with the
traces ghown in the figure, together with that for the #8C data points taken
after cryocycling. Two gets of surfaces are shown to clarify the position
of the reference surface in the thicker patts of the Spécimen as thé data 1is
rather suspect for point R on the #12 ttace. Comparisofi between the surface
genetated from the #12 LaRC data points and traces 1, 2 and 3 made at
Southampton 18 qualitatively quite good despite the small number of points
available {n the LaRC data to define the profile of the thin end section.

Finally, Figure 32 shows the three ttaces 4, 5 and 6 taken in the
tradgverse direction. As expected, trace 4 is essenitially linear, while
trace 5 shows a slight downward deflection at the right hand end and trace 6
reveals the familiar bowing of the thin end with, in thiu case, the greatest
deflection of about .002 inches at the laft.

7.3 Determination of the True Magnitude of the Deflections at the
Thin Ends of the Stepped Speciniens

As noted in Section 3, the method of support use in the validation
stages ie such that the third eupport point lies approximately benaath
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measurement station M as ghown in Figure 3. In most specimens the curvature
starts somewhare to the left of this support point and thus the reference
surface seeds to elope downwards from left to right. Many of the negative
readings shown in the validation gtages are therefore due to this downward
slopé of the whole reference plane, rather than being indications of true
negative deflectiofis from the reference plane. Furthermore, the .ecorded
magnitudes of the positive deflections from the measurement stations at the
thin end of the specimen are considerably lower than the actual deflections.

These effects are demonstrated in Figure 33 for the 18Ni 200 LC and
PH13-8Mo A-TS gamples. The data points at measurement statiotis A=H are
plotted using X<—-X symbols, those at stations 1-P using O———® gyubols and
those at Q=X usiig ewww=e . Straight lines are drawn to be best fits
through the first three data points for each profile and then projécted to
extend beneath the points measured at the extreme stations, H, P dnd X. The
true deflection is then obtained from the vertical distance between the
projected line and the measurement point. For 18Ni 200 Grade sample LC these
8ave true deflections of .0070, .0086 and .0077 inches for positions H, P
aud X, while reference to the Southampton measurements shown in Pigure 27
8ives deflections of .0082, .0092 and .0084 inches respectively.

Considering the uncertainties involved in drawing the best fit lines, ahd
the fact that the Southampton traces were taken over 6 months after the LaRC
reddings on samples that had not been boxed or handled with any partfcular
care, agreement is very satisfactory.

A similar series of constructions is shown in the lower part of Figure
33 for the PH13-8Mo sample A-TS. These give deflections of .0094 for
position H, .0107 for P and .0092 inches for & respectively, while the
cortesponding values taken from Figure 29 are .0085 from trace 3, .0096 from
trace 2 and .0090 inches from trace 1. Once again, therefore, agreegent
between the two sets of measurements is very good.

Data from the A286 sample LS 1is more difficult to handle because it is
difficult to get a good linear fit to the firet three points on the linear
profiles and this introduces a large uncertainty into the positiofi of the
extrapolated value at the thin end of the sample. Nevertheless, as noted
earlier, qualitative agreement between the two sets of measurements is good.
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8. Conclusions

The main points that emerge from the data obtained from the specimens
procured by LaRC, together with that obtained subsequently at Southampton,
are summariged in Table 2. Although it has bdeen possible to criticize a
number of aspects of the machining and validating procedures, a large amount
of useful information has nevertheless been generated by this phase of the
stepped specimen program.

1. Of particular relevance is the poor dimensional stability showi by
all the PH13-8Mo samples when cryocycled to liquid nitrogen temperature.
This rdises doubts as to the suitability of this material for use in models
for cryogenic wind tunnéls, particularly those applications such as an
instrumented wing that would require a lot of fabricatiou.

2. Also of significance is the apparently poorer behaviour of the &
18Ni 200 Grade specimens that were annealed prior to rough machining. If
these results are genuine, it suggesSted that this type of heat-treatment
should not be used.

3. There do not seem to be any significant differences between the
behaviour of specimens orientated parallel and perpendicularly to the major
rolling axis of the plate. However, metallographic examination suggests
that none of the tliree materials tested had strongly oriéntated texturés, so
these results do not rule out orientation effects in the more highly
textured materials. Although there are indications thdat there are some
differences between center and surface specimens, the trends are not very
strong and are contradictory fnasmuch as the surface specimens seemed to be

more active in the 18Ni 200 Grade, while the opposite trend was indicated in
the A286.

4, Despite fitrst appéarances, the surface finish does not appear to be
critical, as variations of less than +50 microinches only cause errors of
.0001 inch which is at the lower limit for reliable measurements,
particularly with stylus probes.

5. It is, however, vitally important that the reference surface be
established as truly flat to within .0001 inch if subsequent changes are to
be followed meaningfully.

6. It is equally vital that the samples can be set up with their
refarence surfacé in a truly horizontal plane. To this end, some thought
ghould be given to alternative methods of support, particularly moving the
3rd poiat to beneath the thicker parts of the specimen which do not déflect
when the thinner parts do so. In this way, changes fn the shape of the
teference . itface can bé followed mwore e¢asily and more accurately.
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9. Recommendationg
\

1. A stmilar configuration of stepped specimen be used for the next
three samples, A286, PH13-8Mo, and 18N1 200T

2. All three samples should have the same fabrication and validation
séquence, which should tak i

ake into account the lessong to be learned from this
phase of work,

3. Some of the specimens left over from this phase of the ptogranm
should be used for additiond

1 tests, such as further thermal cycling or
high-temperature stress-relieving hieat-treatments.

4. In the near future a more closely controlled series of tests should
be catried out oh one particular material, possibly the new 1881 2007,
in order to obtain g deeper understanding of the stress levels created by
different Biachining techniques and how théy may be controlléd by thermal
stress relief.

5. Some thought be given to
ptesented so that the possibilit

the optimum form in which the data {s to be
analysis and Presentation can be

y of computer controlled data storage,
investigated.
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L APPENDIX 1 (a)

L.

Apl‘ﬂ 20, 1982
i Amended May 3, 1982

FABRICATION PROCESS FOR 18Ni 200 GRADE
STABILITY STEP SPECIMENS

e 1. Specimens LS, LC, TS, and TC to be heat-treated as follows:

a. Annel at 1840°F - 1870%F for forty-five (45)
minutes to one (1) hour. DO NOT EXCEED 1870°F.

Air cool to room temperature,

B b.  Complete annealing process by heating to 1550°F

+20% and hold for forty-five (45) minutes to one (1)

hour. Air cool to room temperature.

c. Q. C. to verify compliance of heat-treating procedure as per
Steps la and 1b.
Control specimens CLS and CLC will not receive this heat-treatment.
2. Rough machine all specimens to size 2,362" x 2.362% x .482" thick
using a new flat bottom end mill. (Flood cool using Cambelene
Blue-Coo1)
3. Mark end of specimens as indicated on drawing.

4. Map, measure, and record as per special instructions.

5. Machine the .236" and the .118" steps to +.010" to leave the .118"

step 1.417" long using a flat bottom end mi11. (Flood cool using
Cambelene Blue-Cool)

6. Map, measure, and record as per special instructions.
7. A11 specimens to be aged at 900°F to 925%F for six (6) hours.

treating procedure.

16.

Afr cool to room temperature. Q. C. to verify compliance of heat- b
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12,

13.

14,
15.

16.

17.

FABRICATION PROCESS FOR 18N 200 GRADE
STABILITY STEP SPECIMENS

(continued)

Map, measure, and record as per special instructions. Also
map and record hardness check.
Surface grind and/or lap flat surface (bottom) to thickness
using a maximum of .0005" down-feed per cut. Surface finish
to be 32 micro-inches. This surface will be used as a reference
standard.
Map, measure, and record as per special instructions.
Machine the .060" step to a plus .015", .944" long. using
a New 3" diameter ball end mill. Step-over (machine feed) to
be .050". (Flood cool using Cambelene Blue-Cool)
Map, measure, and record as per special instructions. Also
map and record hardness check.
Grind the .060" step to finish dimension, .709" long, using a
maximum of .0005" down feed per cut. Surface finish to be
32 micro-inches. (Flood cool using Cambelene Blue-Cool)
Map, measure, and record as per special initructions.
Grind the .030" step to finish dimension, .472" long, using a
maximum of .0005" down feed per cut. Surface finish to be
32 micro-inches. (Flood cool using Cambelene Blue-Cool)
Map, measure, and record as per special instructions. Also
map and record hardness check.
Thermally cycle specimens in cryostat as follows:

a. Attach two (2) thermocouples to specimen for

monitoring temperature.

17.
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FABRICATION PROCESS FOR 18Ni 200 GRADE

STABILITY STEP SPECIMENS
(Concluded)

b. Immerse specimen in 1iquid nitrogen until
temperature of specimen reaches -320°F,

c. Remove specimen from cryostat and allow
sufficient time for specimen to reach
temperdture.

d. Thermal cycle specimen three (3) times
repeating steps 17a, 17b, and 17c.

18. Map, measure, and record as per special instructions. Also

map and record hardness check.

Special Instructions - Prior to heat treatment, all surfaces

must be finished to a 40 rms minimum. No tool marks. A1l inside

corners shall have a .030" minimum radius.

18,
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APPENDIX 1 (b)

FABRICATION PROCESS FOR 13-8 §S
STABILITY STEP SPECIMENS

1. Material confirmation.

2. Rough machine specimens A-LS, A-LC, A-TS, and A-TC to +.050".

3. Heat-treat ali specimens as follows:

b.

c.
d.
e.
f.

Solution treat at 1700°F, :j5°F. for % hour,

Air cool to below 60°F. (cold water) hold temperature
below 60°F. one (1) hour.

Age at 1400%F. for two (2) hours.
Air cool to room temperature.
Re-age at 1150%F. for four (4) hours.

Air cool to room temperature.

4. Machine a1l specimens to size 2.362" x 2.362" x .482" thick

using a new flat bottom end mil]. (Flood cool using Cambelene
Blue-Cool)

5. Mark end of specimens as indicated on drawing.

6. Map, measure, and record as per special instructions. Also map
and record hardness check.

7. Machine the .236" and the 118" steps to +.010" to leave the

118" step 1.417" long using a flat bottom end mill. (Flood
cool using Cambelene Blue-Cool)

Repeat step 6.

19.
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FABRICATION PROCESS FOR 13-8 SS
STABILITY STEP SPECIMENS
(continued)

9. Surface grind and/or flat surface (bottom) to thickness using

10.
11.

12.
13.

14.
16.

16.
17.

a maximum of ,0005" down-feed per cut. Surface finish to be 32
micro-inches. (Flood cool using Cambelene Blue-Cool) This
surface will be used as a reference standard.
Repeat step 6. Hardness check omitted.
Specimen A-LSA to be thermally cycled in cryostat as follows:
a. Attach two (2) thermocouples to specimen for
monitoring temperature.
b. Immerse specimen in 1iquid nitrogen until
temperature reaches -320°F.
c. Remove specimen from cryostat and allow
sufficient time for specimen to reach room
temperature,
Repeat step 6 on specimen A-LSA - This step ommitted.
Machine the .060" step to a plus .015", .944" long using a new
%" diameter ball end mil1l. Step-over (machine cross-feed)
to be .050". (Flood cool using Cambelene Blue-Cool)
Repeat step 6.
Grind the .060" step to finish dimension, .709" Tong, using
a maximum of .0005" down-feed per cut. Surface finish to be 32
micro-inches. (Flood cool using Cambelene Blue-Cool)
Repeat step 6.
Grind the .030" step to finish dimension, .472" long, using
a maximum of .0005" down-feed per cut. Surface fifiish to be

32 micro-inches. (Flood cool using Cambelene Blue-Cool)

20.
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FABRICATION PROCESS FOR 13-8 SS
: STABILITY STEP SPECIMENS
f (concluded)
8l 18. Repeat step 6.
i? 19. Thermally cycle all specimens in cryostat as follows:
é_guﬂ a. Attach two (2) thermocouples to specimen
monitoring temperature.
3 b. Immerse specimen in 1iquid nitrogen
| until temperature reaches -320°F.
; 3 C. Remove specimen from cryostat and 2llow
g specimen to reach room temperature.
'f d. Thermal cycle specimen three (3) times,
ﬁ repeating steps 19a, 19b, and 19c.
20. Map, measure, and record as per special instructions.
. A1so map and record hardness check.
‘;‘:’ .
iy ‘
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APPENDIX 1(c)

FABRICATION PROCESS FOR A-286 STAINLESS
STEEL STABILITY SPECIMENS

Rough machine all specimens to size 2.372" x 2.372" x .482" thick
using a new flat bottom end mi11 (Flood cool using Cambelene Blue-
Cool).

Grind all specimens to size 2.362" x 2.362" x .472" thick using

a maximum of .0005" down-feed per cut. Surface finish to be 32

micro-inches.

Mark end of specimens as indicated on drawing.

Map, measure, and record as per spécial instructions.

Machine the .236" and the .118" steps to +.010" to lcave the .118
step 1.417" long using a new %" diameter ball end mill. (Flood
cool using Cambelene Blue-Cool).

Repeat step 4.

Machine the .060" step to a plus .015", .944" long, using a new
%" diameter ball end mill. Step-over (machine feed) to be .050"
(Flood cool using Cambelene Blue-Cool).

Repeat step 4; cryo cycle (NASA); repeat step 4.

Grind the .060" step to finish dimension, .709" long, using a maxi-
mum of .0005" down-feed per cut. Surfa:é finish to be 32 micro-
inches. (Flood cool using Cambelene Blue-Cool).

Repeat step 4.

Grind the .030" step to finish dimension, .472" long, using a
maximum of .0005" down-feed per cut. Surface finish to be 32

micro-inches. (Flood cool using Cambelene Blue Cool).

22,
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FABRICATION PROCESS FOR A-286 STAINLESS
STEEL STABILITY SPECIMENS

(concluded)

12, Repeat step 4.

SPECIAL INSTRUCTIONS: A11 inside corners shall have a .030" minimum

radius. Cutwell 40 oi1 may be used if needed to produce a better

finish. Mark each specimen with material identification A-286.

23.
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Table 2; Summary of Results from Stepped Specimens

procured by LaRC

Characteristic 18N1 200 Grade A286 PH13~8Mo
4) Cryogentic
stabilicy Good. Excellent., Poor.
b) Flatness of CLC and CLS - good. All good. All bad, A-LSA,

ref.surface

c) Surface finigh
of vef.surface

d) Set up for
verification,
out of true of
line AIQ

Fabrication
and heat-
treatment
sequence

e)

f) Sensitivity to

rough machining

Magnitude of
deflection
change from
0060 nill to
0030 grind.

8)

h) Differedces
between Sutface
and Center,
Longitudinal

and Trangversge

LS.LG.TC’TS - badl

Variable, e.g. LS,

TC show fine grinding
mdarke, while TS and
CLS also show coarser
Pitch. Talysurf show
approx. 5%uin finigh,

CLC and CLS good
LS,LC,TS and TC very
poor especially at
#10, #12 and f14,
vary by v +.001 {1n.

Pre-machining 2 stage
anneal NOT beneficial
All sawples show good
dimensional stability
after 9257 aging
treatment,

CLC, CLS, LC and TC,
almost unaffected,
LS and TS show mild
compressive stresses.

Average of .003 to
+005 in.
No strong ttends.

Marginally lirger
deflections from step
tilling of Surface
specimens LS and TS
than Center.

No eignificant difference

Coarse grinding
marks on TS and
butn marks on

thinnest section.

Talysurf traces

show waviness with
amplitude »>+50 uin.

All reasonable
good with
variations less
than 00005 in,

Not applicable.

Deflections over

«005 in created

LS, TS and TC by

uilling coarse
steps.

Varies from
for TC and TS
for LS and LC.

Slightly larger

deflections shown

by Center
speciméns than
Surface.

A-CLS,A~TC worst

Medium pitch
grinding marks
visible on all
specinens but
Talysurf trace
suggests approx
30 uin finish.
to Generally poor;
with some points
very bad, up to
«002 in of £ Iilléo

No apparently
significant
differences
between samples
heat-treated
before or after
rough machining.

Most specimens
unaffected, small
tensile stresses
in A-LC, small
compressive

in A-I.S.

in

+008 Average of .005
to
~.016 to .020 in

to .008 in
No strong trends

Marginally more
deflectionn from
Surface than
Center

between longitudinal and transverse
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——60.0 M (2,362 ) ———
Frz-.o (.472) TYP

12,0 (.472)

K
6.0 (.236)— ‘|‘_ 1.5 (.059) %-0.75 (.030)

3.0 (.118)

SPECIMEN CONFIGURATION
STAMP ENDS AS SHOWN
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NOTES:

1.
2.

Specimens LS, LC, TS, & TC to be annealed before rough machining. Tempered
after rough machining.

CLS & CLC are to be tempered after rough machining.

A1l specimens are to be measured after rough machining before and after each
heat treatment.

~¢— ROLL DIRECTION

FIGURE 1., STEPPED DIMENSIONAL STABILITY SPECIMENS
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